Abstract The current gold standard in lumbar fusion consists of transpedicular fixation in combination with an interbody interponate of autologous bone from iliac crest.
Introduction
The current gold standard for lumbar segmental spondylodesis is posterolateral stabilization by means of internal fixation, and ventral intercorporal interposition of an autogenous corticocancellous iliac crest graft [16, 23, 26] . In the absence of clinical differences, cages augmented with autogenous cancellous bone show similar mechanical characteristics to structural bone grafts [6, 18, 40] . Fusion rates of up to 100% have been achieved with these methods according to the literature [28, 35, 40] .
With around 300,000 spinal fusion operations currently performed in the USA every year, and a complication rate of up to 30% when obtaining autogenous iliac crest grafts, there is clearly a need for alternatives [1, 2, 11, 13, 19] . Each alternative must be judged against the biological characteristics of the previous standard, based on factors like osteoinductivity, osteoconductivity and osteogenic potential [23, 26] .
Allogenic cancellous bone is used successfully in the field of cervical spondylodesis, particularly for monosegmental treatment [9, 39] . Biologically, allogenic cancellous bone appears to be inferior in terms of a lack of osteoinductivity and osteogenic potential. There is also a markable risk of interindividual infections [8, 26] . The advantages of an allograft lie both in its availability, and in the prevention of a second operation coupled with the associated complication rate. Another advantage, is the long shelf life of the graft [29] . In order to avoid the transmission of infectious agents, allografts should be subjected to procedures for the inactivation of microorganisms.
Up until now, the literature has not yielded a prospective study comparing the use of allogenic cancellous bone with the use of autogenous cancellous bone in ventrally interposed polyetheretherketone cages (PEEK-cages) in human circumferential lumbar spondylodesis. The aim of the present study was to compare the application of allogenic cancellous bone in monosegmental lumbar spondylodesis with the use of autogenic cancellous bone from iliac crest in PEEK cages. Hypothesis of the current study was superiority in fusion of the autogenic cancellous bone. The hypothesis' target parameters were both the osseous segmental consolidation and the clinical outcome over the chronological course of 1 year.
Materials and methods

Study design
Patients, who presented persistent lumbosacral, and/or, pseudoradicular complaints after an unsuccessful conservative therapy, covering a period of at least 6 months, were enrolled in this prospective, randomized, non-blind study. Randomization was performed through the computerized employing Randlist Software (DataInf GmbH, Tuebingen, Germany).
At the same time, osteochondrosis in Modic stage C2 with a residual disc height of less than seven millimeters, resulting from idiopathic intervertebral disc degeneration of segments L4/5 or L5/S1, had to be detectable in MRI [25] . The presence of an isthmic spondylolisthesis up until Grade I according to Meyerding, without the need of decompression in the degenerated segment, did not lead to exclusion.
Patients were excluded from the study if they had degeneration of adjacent segments. This was verified in every case by MRI and by discography in the level above and/ or below the degenerated one.
Further exclusion criteria included: additional degenerative findings; spinal deformities or destructive processes; previous operations on the lumbar spine; patients on long-term medication with corticoids or nonsteroidal anti-inflammatory drugs (NSAID), with pain chronification C stage II according to Gerbershagen [14] ; patients with osteoporosis, kidney and liver diseases, malignant tumors, a BMI [ 30 kg/m 2 ; pregnancy; and chronic nicotine, alcohol or drug abuse.
The conduct of this study was approved by the local ethics committee under decision No. 2015/Si. 280.
Patients and groups
Forty-four patients (22 men, 22 women), who treated surgically with a monosegmental ventrodorsal spondylodesis between September 2003 and July 2004, were included in this study and randomly allocated to two groups. The patients' average age at the time of surgery was 45.5 (26-62) years.
Group 1-autogenous iliac crest cancellous bone (control group)
The 22 patients of the control group all received autogenous iliac crest cancellous bone. In 5 of the 22 patients, an isthmic spondylolisthesis up to Grade I was present. The autogenous cancellous bone was removed directly before the ventral main surgery and was obtained from the right iliac bone over a separate oblique approach, dorsolateral to the spina iliaca anterior superior. After deperiostation of about 2 cm 2 , a trephine (inner diameter: 6.4 mm, outer diameter 8.0 mm, Aesculap, Tuttlingen, Germany) was used for cortical fenestration of the outer rim of the iliac crest. Cancellous bone, 2-3 cm 3 , was harvested with a spoon and was sterilely stored on ice until implantation. The iliac crest window was covered with both the cortical bone from the trephine and with bone wax. A drain was placed before closing the wound and was subsequently left for 2 days following surgery.
Group 2-allogenic cancellous bone (study group)
The 22 patients of the study group were treated with a block of freeze-dried, human allogenic cancellous bone (tissue bank, Charité, Institute for Transfusion Medicine, Berlin, Germany). The allogenic graft was rehydrated under sterile conditions in an isotonic saline solution for at least 30 min before application. In 6 of the 22 patients, an isthmic spondylolisthesis, up until grade I was observed.
Human 
Surgical method
Circumferential spondylodesis was conducted in a single session in all cases. To begin with, anterior, and then posterior surgery was performed. After cleaning out the intervertebral disc and removing the cartilaginous endplate via a pararectal retroperitoneal approach, a Visios-PEEK-cage (Synthes GmbH, Solothurn, Switzerland) with defined dimensions 11 9 24 9 30 mm (height 9 depth 9 breadth) was press fit inserted into the intervertebral space after distraction in each group. In group 1 the cages were filled with an autogenous iliac crest cancellous bone. In group 2 they were filled with a standardized block of freeze-dried allogenic cancellous bone, which had been cut to the shape of the cage interior before sterilization. No further material was inserted around the cages in either group, because the cage covered the majority of the vertebra's endplates. The cage dimensions and height have been kept constant in every patient to reach comparability of the fusion process, which is thought to be correlated to the amount of the graft and the distance to get fused.
Dorsal spondylodesis was conducted using a monoaxial angle-stabilizing screw and rod system (Colorado II TM , Medtronic, Memphis, USA). The autogenous corticocancellous material, obtained through the decortication and partial resection of the facet joints in the fusion area, was placed dorsally between the laminae and the facet joints, in each case.
Every patient was operated on by the same surgeon. Also, each of the patients were then mobilized without an orthesis, and given physiotherapy from the first postoperative day onwards.
Data collection
Each of the patients were given clinical and radiological examinations; preoperatively; postoperatively; and then 3, 6, 9 and 12 months subsequently.
During the perioperative period, the mean duration of surgery and intraoperative blood loss, as well as the length of the patients' hospital stay were all recorded. Implant and non-implant related complications, ascertained both during and after the operation, were monitored up until follow-up.
The Oswestry Low Back Pain Disability Questionnaire Version 2.0 according to Fairbank [12] was used to assess subjective functional impairment. In addition, pain quantity was estimated by using a visual analog scale (VAS), with a scale graduation of 0-100 mm (0 mm-minimal pain; 100 mm-maximal pain). During the follow-up appointments, the patients were additionally asked about their degree of satisfaction with the operation, and also their willingness to undergo the operation again under the same conditions.
The qualitative radiographic evaluation of fusion was based on the criteria for vertebral body fusion using intersomatic cages suggested by McAfee et al. [24] and Ray [32] . This was on the basis of both plain and extensionflexion radiographs. Each of the following criteria had to be fulfilled for a positive decision:
1. Lack of any visible motion using Hutter's method, or less than 2°of intersegmental change, as seen on flexion and extension radiographs in Simmons method [17, 34] . 2. Lack of a dark halo around the implant material. 3. Lack of loss of disc space height of more than 1 mm, indicating a resistance to collapse of the cancellous vertebral bone. 4. Lack of visible fracture of the device, graft, or vertebrae. 5. Lack of substantial sclerotic changes in the recipient bone bed or the graft. 6. Visible bridging bone around the PEEK fusion cage as seen on anterior-posterior or lateral radiographs.
In addition, qualitative fusion was determined by thinlayer CT scans (layer thickness-1 mm) using sagittal and coronary plane reconstructions. According to the protocol The radiographs and CT-reconstructions were evaluated independently and blinded by both a radiologist specialized in spinal imaging, and an orthopedic surgeon. A second independent orthopedic surgeon was used to adjudicate conflicting fusion findings.
For evaluation of biological remodeling processes of the grafts used, the bone density of the bone grafts within the cages was determined in Hounsfield units at the measuring time points. This was based on the thin-section-CT data. The measurement was performed employing a standardized grid at a defined area within the PEEK cages. For comparison, the absolute mean values of the measuring area within the cages were calculated for both groups and compared. In addition, the respective change in bone density was determined in relation to the previous measuring time point.
Statistical analysis
The data from this study was analyzed through the use of the SPSS 14.0 statistics software program (SPSS Inc. Chicago, USA). A t test was used for normally distributed, continuous variables. The Wilcoxon-test or the Mann-Whitney U test was applied for continuous variables which were not normally distributed. Categorical variables were analyzed with Fisher's exact test, or with a v 2 -test. If needed, a Bonferroni correction was performed. The interobserver variability was tested using j-statistics.
The significance level for all the statistical tests was P = 0.05.
Results
Two patients from group 2; and two patients from group 1 failed to attend every follow-up and were therefore excluded. Up until the time of exclusion from the study, the course of the study had been free of complications in any of these patients.
Perioperative data
In group 1, segment L4/5 was treated in 4 patients (20.0%), and segment L5/S1 in 16 patients (80.0%). In group 2, the operation was conducted at the level L4/5 in 3 patients (15%) and at the level L5/S1 in 17 patients (85%). The mean duration of surgery was significantly higher in the control group (P \ 0.0001), whereby the average time taken to remove the iliac crest cancellous bone was 19 min in this group.
The mean surgery related blood loss and the average length of the patients' hospital stay were not significantly different between the two groups ( Table 1 ).
In the control group, a hematoma occurred postoperatively in five patients (25.0%). In only two of these patients the hematoma was visible in the skin maybe because of an insufficient closure of the fascia. Because of a swelling and or pain in the first 2 weeks after operation a sonography was performed in three other patients, observing a deep subfascial hematoma.
One patient in the control group experienced pain at the site of removal up until the third month, and another up until the ninth month postoperatively. A third patient experienced pain up until the time of the final follow-up. Revision surgery was not necessary in either of the two groups.
Follow-up examinations
The radiological fusion rate did not show any significant differences between the two groups at any time throughout the examination; other than at the 6-month follow-up. Three months postoperatively, fusion was not observed in any patients, of either group. After 6 months, ten patients in group 1 (50.0%), and three patients (15.0%) in group 2, had undergone fusion (P = 0.041). Twelve of the 20 patients (60.0%) in group 1 showed fusion after 9 months, compared to that of 10 patients (50.0%) in group 2. After 12 months, 17 patients (85.0%) in group 1, and 16 patients (80.0%) in group 2, showed fusion in surgical area (j = 0.90) (Fig. 1) . The evaluation of the fusion rate through computed tomography was not able to show any significant differences between the two groups during follow-up. The computed tomographic fusion rates obtained after 3 months were 5.0% for group 2 (n = 1), versus 10.0% for group 1 (n = 2). At 6 months postoperatively, the rate increased in group 2 to 15.0% (three patients), and in group 1, to 35.0% (seven patients). At the 9-month control, the number of fusions in group 2 reached 45.0% (nine patients), while in group 1, the percentage rose to 55.0% (11 patients) . At the end of the examination series (12 months), both patient groups had achieved a comparable rate of ventral fusions; group 2 had reached 65.0% (n = 13), versus group 1 at 70.0% (n = 14) (j = 0.86) (Figs. 2, 3a, b) .
In quantitative computed tomographic determination of the mean absolute values for bone density at the measuring area, a significant difference between the groups was only found at the immediate, postoperative time point. Group 2 showed a lower density here (P = 0.007).
The difference in mean absolute values of the measuring area up until the next examination time point was positive in the control group overall, but was negative in the intervals 0-3 and 6-9 months. In contrast to this, the measuring area showed positive bone density differences in the study group, except for the examination intervals 3-6 and 9-12 months (negative here). Only in group 2 was the bone density difference in the time interval 0-3 months statistically significant (P = 0.034) (Fig. 4) .
Based on the data, the Oswestry score did not reveal any significant difference between the two surgery groups at any of the postoperative follow-up time points. In both groups, a significant improvement compared to that of their preoperative condition was shown at all time points (P \ 0.0001 in each case) (Fig. 5) . The visual analog scale showed comparable analog values in both groups preoperatively (67.90 mm group 1 vs. 65.40 mm group 2). At each time point, a significant improvement on the preoperative value could be determined in both groups (P \ 0.0001 between all time points in both groups). Based on the data, there was no significant difference between the two groups at any of the time points. After 12 months, group 1 showed a mean analog value of 22.05 mm and group 2 of 22.80 mm ( Table 2) .
Both the patients' subjective satisfaction with the surgical outcome, and their response to the hypothetical question concerning their willingness to undergo the operation again, did not differ between the two groups at any time point (Table 3) .
Discussion
The present study is the first in conducting a prospective, randomized comparison of the clinical application of freeze-dried allogenic cancellous bone with autogenous iliac crest cancellous bone; within ventrally intervertebrally interposed PEEK cages in segmental lumbar spondylodesis. The clinical outcomes of both procedures are comparable. The radiological fusion rates imply a chronologically delayed bone consolidation in the study group, but do not show any differences after a 1-year period. Nevertheless, non-significant results must be interpreted carefully because of the number of patients included into this study. Differences between the groups may also arise after a longer follow-up period.
Following 12 months, the fusion rate achieved in both groups corresponds, both radiologically and in the CT, to the fusion rates described in the literature for the same surgical method and a similarly restrictive evaluation method [33] . It does not show a superiority of one of the implants over the other. The lower fusion rate, shown radiologically in the study group at the 6-month follow-up, implies a chronological delay of spondylodesis. The chronological course of the fusion rate in CT supports this hypothesis, but cannot be verified with significant results. The different course of consolidation is possibly attributable to a lower biological competence of allogenic cancellous bone; taking into account the osteoinductivity and osteogenic potential [26] . The radiological evaluation of fusion rates must be viewed critically. Beside surgical exploration, it currently represents the only way of obtaining an objective assessment of fusion rates. It also fluctuates, depending on the method used [33] . In this study, rather restrictive parameters were chosen for the evaluation of fusion. Nevertheless, it must be taken into account, that the evaluation of radiological procedures is subject to a predictive value of no more than 70% [7, 10] . Surprisingly, we were able to observe bone bridging around the cage in most of the cases despite not placing graft at this position (see Fig. 3b ). Comparable bridging was described in previous studies after implantation of lumbar disc prosthesis [31] . Maybe, this observation is attributable to the hematoma resulting from preparation of the endplates which serves as a primary callus in a bone defect.
The lower bone density, determined directly postoperatively in the study group, is probably attributable to the reduced proportion of organic tissue in the allogenic graft.
A remodeling of autogenous iliac crest grafts within approximately 10-12 weeks after surgery has been described in the literature [2] . A remodeling of the autogenous graft would also explain the drop in mean bone density in the examination interval between 0 and 3 months postoperatively.
In contrast, a significant increase in bone density occurred in the study group in the same time interval. This circumstance may possibly be explained by a colonization of the allogenic grafts with recruited osteoblasts and a consecutive increase in biomass.
Overall, the graphic presentation of bone density over time in the control group shows a W-shaped profile compared to an M-shaped profile in the study group. This situation also implies a chronological shift of remodeling processes in the allogenic graft to approximately 3 months later.
During the evaluation of clinical parameters, the evident lack of any detectable differences between the two groups leads to the conclusion that the two procedures are comparable. The later incidence of osseous consolidation in the study group did not lead to any complications that may have influenced the clinical data. Twelve months postoperatively, the improvements seen in both the Oswestry Low Back Pain Disability Questionnaire, and in the visual analog scale, were consistent with the data given in the literature [15, 27] .
In the control group, hematomas of the graft removal site were observed in five patients (25.0%). Persistent pain, lasting up to a 12-month period, was also ascertained in three patients (15.0%). The spectrum of complications described in the literature ranges from chronic pain; pelvic fractures; hematomas; vascular and nerve injuries; to superficial and deep infections [1, 2, 13, 19] . In addition, the removal of autogenous iliac crest grafts results in a prolonged surgical duration. This was demonstrated in this study, and must be taken into account when comparing the costs of the grafts [2] .
Until now, conducted animal experiments have shown a superiority of autogenous over allogenic cancellous bone [4, 38] . To counterpoint this, the position of studies on humans appears to be contradictory. Despite the lower biological competence when compared to autogenous cancellous bone, good results could be achieved with allogenic grafts in cervical spondylodeses [9, 39] . Kozak et al. [20] also used allogenic cancellous bone in femoral ring allografts on the lumbar spine, and retrospectively demonstrated a fusion rate of 97%. The research group surrounding Wimmer retrospectively compared the use of non-structural autografts from the iliac crest to non-structural allografts from the femoral head. Similarly to the present study, they did not find any significant difference in the mean pseudoarthrosis rate between the groups-after a 2-to 4-year interval [37] . By contrast, Brantigan et al. [5] described a superiority of autogenous cancellous bone in PEEK cages when compared to ventrally interposed allogenic cancellous bone blocks without cages; 2 years after lumbar spondylodesis by means of posterolateral interbody fusion, and internal fixation. However, two differing surgical methods were evaluated here.
Beside osteoconductivity, the requirements placed on a graft include biocompatibility, mechanical-physical primary stability and degradability, on which remodeling and thus the resulting bone stability decisively depends [3] . The synthetic intervertebral cages used in this study were able to compensate for possible structural deficits of cancellous bone grafts mechanically [6, 18, 21] . In studies without a cage the delayed fusion of the allogenic graft group could possibly lead to subsidence, micromotion and deterioration of the clinical result.
During sterilization and preparation, the osteoconductivity of allogenic cancellous bone drops when compared to that of autogenous cancellous bone [22, 29] . Whether the reduced osteoconductivity or the lack of both, osteoinductivity and osteogenic potential of allogenic grafts ultimately leads to a delayed radiological spondylodesis, remains a matter for future research work [26] .
When compared with autogenous iliac crest cancellous bone, freeze-dried allogenic cancellous bone offers the advantages of sufficient availability, and the absence of any morbidity on removal. Compared to grafts like tricalcium phosphate it supports real bone ultrastructure for cellular ingrowths and seeding. A further benefit is the decrease in surgery duration, enabled by the avoidance of surgical graft recovery. Disadvantages arise from the possible risk of interindividual infections in the absence of inactivation procedures, and also in the costs of manufacturing the grafts [8] .
The results of our study show that freeze-dried allogenic cancellous bone can be used for monosegmental spondylodeses. When compared with autologous cancellous bone, similar clinical results are attained. Additionally, despite a delayed consolidation process detected radiologically, comparable fusion rates following a 12-month period are achieved.
